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The toxicity of benzene and its metabolism and
molecular pathology in human risk assessment

A Yardley-Jones, D Anderson, D V Parke

Abstract

Benzene, a common industrial chemical and a
component of gasoline, is radiomimetic and
exposure may lead progressively to aplastic
anaemia, leukaemia, and multiple myeloma.
Although benzene has been shown to cause
many types of genetic damage, it has consis-
tently been classified as a non-mutagen in the
Ames test, possibly because of the inadequacy
of the S9 microsomal activation system. The
metabolism of benzene is complex, yielding
glucuronide and sulphate conjugates of phenol,
quinol, and catechol, L-phenylmercapturic
acid, and muconaldehyde and trans, trans-
muconic acid by ring scission. Quinol is
oxidised to p-benzoquinone, which binds to
vital cellular components or undergoes redox
cycling to generate oxygen radicals; muconal-
dehyde, like p-benzoquinone, is toxic through
depletion of intracellular glutathione.
Exposure to benzene may also induce the
microsomal mixed function oxidase, cyto-
chrome P450 IIE1, which is probably responsi-
ble for the oxygenation of benzene, but also has
a propensity to generate oxygen radicals. The
radiomimetic nature of benzene and its ability
to induce different sites of neoplasia indicate
that formation of oxygen radicals is a major
cause of benzene toxicity, which involves
multiple mechanisms including synergism
between arylating and glutathione-depleting
reactive metabolites and oxygen radicals. The
occupational exposure limit in the United
Kingdom (MEL) and the United States (PEL)
was 10 ppm based on the association of benzene
exposure with aplastic anaemia, but recently
was lowered to S ppm and 1 ppm respectively,
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reflecting a concern for the risk of neoplasia.
The American Conference of Governmental
Industrial Hygienists (ACGIH) has even more
recently recommended that, as benzene is con-
sidered an A1l carcinogen, the threshold limit
value (TLV) should be decreased to 0-1 ppm.
Only one study in man, based on nine cases of
benzene associated fatal neoplasia, has been
considered suitable for risk assessment.
Recent re-evaluation of these data indicated
that past assessments may have overestimated
the risk, and different authors have considered
that lifetime exposure to benzene at 1 ppm
would result in an excess of leukaemia deaths
of 0-5 to 1:0 per 1000. Although in this study,
deaths at low levels of benzene exposure were
associated with multiple myeloma and a long
latency period, instead of leukaemia, which
might justify further lowering of the exposure
limit, the risk assessment model has been
found to be non-significant for response at low
levels of exposure. The paucity of data for man,
the complexity of the metabolic activation of
benzene, the interactive and synergistic
mechanisms of benzene toxicity and carcino-
genicity, the different disease endpoints (aplas-
tic anaemia, leukaemia, and multiple
myeloma), and different individual suscep-
tibilities, all indicate that in such a complex
scenario, regulators should proceed with cau-
tion before making further changes to the
exposure limit for this chemical.

Benzene, a common industrial chemical, a compon-
ent of gasoline, and a constituent of engine emissions
and tobacco smoke,’ has a production rate of 15
million tonnes per year, with a total global cycle of 32
million tonnes per year. Benzene is ubiquitous in the
environment, and chronically exposed populations
include petrochemical workers, petrol station atten-
dants, and smokers.? Benzene is a radiomimetic
chemical, with heavy exposure resulting in progres-
sive degeneration of the bone marrow, aplastic
anaemia, and leukaemia, and in dysfunction of the
immune system.> In 1971 the United States
Occupational Safety and Health Administration
(OSHA) introduced a permissible exposure limit
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(PEL) of 10 ppm, based on the concern for benzene
causing aplastic anaemia and myelosuppression,*
which was later lowered to 1 ppm based on the
concern for the risk of benzene associated neoplasia.*
The American Conference of Governmental Indus-
trial Hygienists (ACGIH) has recently proposed that
benzene be listed as an Al confirmed human carcin-
ogen with an eight hour time weighted average
threshold limit value (TLV) of 0-1 ppm and a skin
notation (1990-1991 TLV Notice of Intended
Changes).’

Benzene toxicity

Since Delore and Borgomano in 1928° first suggested
an association between occupational exposure to
benzene and the development of leukaemia, it has
been generally agreed that a causal relation exists
between high exposures to benzene and the develop-
ment of pancytopaenia, aplastic anaemia, and acute
mylogenous leukaemia; a pattern consistent with
toxic myelosuppression.”® A review of the relevant
clinical publications concluded that benzene related
haemotoxicity in man was associated with benzene
concentrations in the workplace of >50 ppm; no
evidence of haemotoxicity was reported to be
associated with prolonged exposure to benzene con-
centrations of 20-25 ppm.’

As well as its haemotoxicity, benzene is considered
to be a Group I carcinogen; sufficient evidence of
carcinogenicity in man and in laboratory animals.'
The association between long term exposure to
benzene and the occurrence of leukaemia® was sup-
ported by the epidemiological evidence of Vigliani'
and more recently by the Bologna experiments,
which have shown that benzene is a multipotential
carcinogen increasing the incidence of a wide variety
of neoplasms in rats and mice.”? Studies by the
National Cancer Institute and in the National Toxi-
cology Program have shown that benzene induces a
larger number of unique sites of neoplasia than any
other chemical.*” These findings of neoplasia,
haemotoxicity, and myelosuppression are indicative
of the radiomimetic properties of benzene, and
consequently of its potential for oxygen radical
generation. The firm evidence of carcinogenic poten-
tial in rodents* led OSHA to lower the permissible
level of occupational exposure from 10 ppm to
1 ppm.

Benzene has produced many types of genetic
damage, but although it has caused chromosomal
aberrations in animals and man and sister chromatid
exchanges and micronuclei both in vitro and in vivo,
and has also produced aneuploidy in dividing cells, it
has not consistently produced point mutations in
genotoxicity test systems.’ !> Benzene itself has not
consistently produced mutagenic effects in conven-
tional agar plate techniques for bacterial mutagens.
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This is possibly because of the inadequacy of Aroclor
induction to produce an appropriate spectrum of the
cytochromes P450 to metabolically activate benzene
to mutagenic products.” The benzene metabolites,
quinol, p-benzoquinone, and trans, trans-muconal-
dehyde (the most cytotoxic metabolites of benzene'*)
showed very weak mutagenic effects in bacteria, but
were strongly mutagenic in Chinese hamster V79
cells, mouse 1.5178Y cells,” and cultured human
lymphocytes,'*!” and induced an increase in sister
chromatid exchanges and a decrease in mitotic index
in mice in vivo."! The little known metabolite of
benzene, the anti-diol epoxide, which is a poor
substrate for epoxide hydrase, showed, however, a
broad spectrum of genotoxicity in bacterial and
mammalian cells.”

Studies of developmental toxicity have generally
failed to show any significant adverse effects of
exposure to benzene in rodents or rabbits.

Metabolism of benzene

The earliest studies of the metabolism of benzene,
undertaken by Baumann and others more than a
century ago, showed that it was metabolised mostly
by oxidation to phenol, quinol, and catechol, which
were excreted in the urine as sulphates and glucuron-
ides.”" Later studies showed that L-phenylmercap-
turic acid and trans-trans-muconic acid were minor
metabolites found in urine. Following the synthesis
of *C-benzene, and the preparation of pure benzene
for the first time in 1952, Parke and Williams?
undertook a quantitative study of the metabolism of
this chemical in rabbits. They confirmed that the
major metabolites, excreted in the urine, were
phenylsulphate and phenylglucuronide, with smaller
amounts of the sulphate and glucuronide conjugates
of quinol and catechol, and even smaller amounts of
phenylmercapturic acid and trans-trans-muconic
acid. They also found evidence for the further
oxidation of the ring scission products to two-carbon
fragments that became incorporated into the animal
tissues, and were also completely oxidised to res-
piratory CO,. They concluded that the metabolism of
benzene is a multistep process and fig 1 shows the
major pathways.

Incubation of '“C-benzene with mouse liver
microsomes in the presence of NADPH resulted in
its metabolism by ring opening to give trans, trans-
muconaldehyde,” a direct acting alkylating agent,*
which is further metabolised to trans, trans-muconic
acid.” trans, trans-Muconic acid is a good indicator
of benzene exposure, and may be quantified in urine
by high pressure liquid chromatography, with a
sensitivity of 0-1 mg/l; exposure of workers to ben-
zene at 5 ppm resulted in urine concentrations of 3—
8 mg/1.%°

“C-Benzene is metabolised by rat liver
microsomes to reactive intermediates that bind
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Figure 1 The major pathways of benzene metabolism. Formulae in parentheses are postulated intermediates.

irreversibly to microsomal protein.” Prostaglandin
H synthase, an enzyme with both peroxidase and
cyclooxygenase activity, which is known to
oxidatively activate many carcinogens and toxic
chemicals—for example, benzo(a)pyrene and ,
paracetamol—in a process known as co-oxidation, is
also capable of oxidising phenolic metabolites of
benzene to reactive metabolites, which bind to .

protein and DNA.?® The cytochrome P450 depen-
dent oxidation of benzene to phenol and its activation
to covalently binding reactive intermediates are
mediated by hydroxyl radicals; biphenyl is also
formed indicating the formation of a hydroxycyclo-
hexadienyl radical as an intermediate.” Benzene is a
substrate of cytochrome P450IIEl, a microsomal
cytochrome with a propensity for generating reactive
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oxygen radicals, which is believed to effect the
oxygenation of substrates by the generation of
hydroxyl radicals.”? Ethanol is also metabolised by
this particular cytochrome and, like benzene and
other substrates, leads to induction of this cyto-
chrome with consequent increase in oxygen radical
generation that may account for the radiomimetic
toxicity of this chemical.

Metabolism of “C-benzene to phenol, quinol, and
their conjugates by liver slices and microsomal
preparations occurred at similar rates with tissue
from mouse, rat, and man, but covalent binding of
"“C-reactive metabolites to microsomal protein was
in the order man > mouse > rat.*® In mice,
metabolism to quinol glucuronide and trans, trans-
muconic acid (markers of toxic pathways of benzene
metabolism) was proportionately greater at lower
dosage; in rats a similar trend was seen, and although
quinol glucuronide is a minor metabolite in rats at all
doses, trans, trans-muconic acid formation was
proportionately greater at lower doses.” The path-
ways of detoxication of benzene in rodents are
characterised by low affinity and high capacity,
whereas the pathways leading to putative toxic
metabolites have high affinity and low capacity, so
that the use of high dose metabolism studies in
rodents for assessment of the health risk to man of
exposure to low doses of benzene could lead to an
underestimate.*

Molecular pathology of benzene poisoning
Hypotheses as to the mechanism of benzene toxicity
have been the subject of much research and debate,
but there seems little doubt that multiple mechan-
isms are involved; these may include synergism
between different metabolites, such as quinol and
muconaldehyde as suggested by Snyder et al®
or synergism between glutathione-depleting
metabolites of benzene and hydroxyl radicals.
Indeed, the formation of DNA adducts from reactive
metabolites of benzene may be of minor importance,
as the indications are that benzene and its metabolites
are only weakly genotoxic, at least in man.***
Benzene is metabolically activated via phenol to
quinol and then to its oxidation products p-benzo-
semiquinone and p-benzoquinone, which may
covalently bind to glutathione, proteins, or other
cellular macromolecules (fig 2).** The bone marrow
toxicity and micronucleus formation in mice treated
with benzene were inhibited by simultaneous admin-
istration of the cyclooxygenase inhibitor, indometh-
acin, indicating a role for prostaglandin H synthase in
benzene myelotoxicity possibly by co-oxygenation
of phenolic metabolites to p-benzoquinone.” The
metabolism of benzene by ring opening yields trans,
trans-muconaldehyde” which is a direct alkylating
agent interacting with cellular thiol and amino
groups, and is a potent bone marrow toxin in mice* *
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(fig 2). Increased production of hydroxyl radicals has
been shown to occur in rats dosed with benzene,” and
may arise from redox cycling of p-benzoquinone,
induction of cytochrome P4501IEl, which has a
propensity to generate oxygen radicals, or depletion
of endogenous glutathione by p-benzoquinone or
trans, trans-muconaldehyde (fig 2).

Although Snyder et al** have been able to show the
formation of DNA adducts of benzene metabolites in
the bone marrow of rats dosed orally with benzene
(1 ml/kg daily for four days) by a **P-post-labelling
technique, a nuclease *P-post-labelling assay with a
sensitivity of detecting one adduct in 10> DNA
nucleotides was able to show only four lesions per 10°
DNA nucelotides in rats dosed with 200-500 mg/kg
of benzene daily for five days a week for up to 10
weeks, and this only in the Zymbal gland; no adduct
formation was detected in liver, kidney, bone
marrow, or mammary gland in this more detailed
study, and no benzene metabolite led to DNA adduct
formation in any tissue.* It has been suggested that
DNA damage results from peroxidase oxidation of
phenol and quinol to p-benzoquinone, which is
known to damage DNA, and to result in induction of
micronuclei in human lymphocytes in vitro.'” Ben-
zene has also been shown to activate protein kinase c,
an enzyme playing a pivotal part in signal transduc-
tion, which is involved in cell transformation and
tumour promotion.* Thus both genotoxic and non-
genotoxic mechanisms of carcinogenicity are evoked
by benzene and its metabolites, so providing
mechanistic evidence for the potential tumorigen-
icity of benzene.

DNA synthesis in a mouse lymphoma cell line was
inhibited by p-benzoquinone > quinol > 1,2,4-
benzenetriol > catechol > phenol, but not by
benzene itself, by a redox-type mechanism; the ease
of oxidation of the benzene metabolites correlated
with their ED;, values for inhibition of DNA syn-
thesis (fig 2).” Benzene and its metabolites, phenol,
quinol, and p-benzoquinone have also been shown to
inhibit RNA synthesis in macrophages and may thus
inhibit haematopoiesis.*® Other studies, notably by
Irons ez al** show that benzene and its metabolites
can effect cell maturation in that the metabolites are
able to suppress the synthesis of various cellular
proteins as well as DNA and RNA.

Benzene shares certain characteristics with col-
chicine and the vinca alkaloids, which interfere with
microtubular assembly and mitotic spindle forma-
tion and result in an arrest of cycling cells in the G2/
M phase of the cell cycle. Benzene toxicity is
associated with the dihydroxy metabolites, catechol
and quinol, which concentrate in the bone-marrow;
quinol and its oxidation product, p-benzoquinone,
interfere with microtubule assembly and react with
nucleophilic sulphydryl groups that are essential for
the binding of guanosine triphosphate to tubulin,
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malondialdehyde, and radical metabolites may covalently bind to glutathione and intracellular macromolecules. Oxygen
radicals may be produced by redox cycling with the benzoquinones, or from cytochrome P450 I1E1, which is induced by

benzene.

resulting in the arrest of cell division and suppression
of lymphocyte blastogenesis.” Benzene and its
metabolites kill cells undergoing cell division, but
spare resting cells by a mechanism as yet not defined;
however, it seems plausible that the cytogenetic
effects associated with benzene, which are primarily
chromosomal gaps and chromosomal breaks, may
play a part.”

The pattern of benzene associated bone marrow
toxicity has been reproduced by the coadministration
of two benzene metabolites—namely, phenol and
quinol—although neither of these compounds
administered alone produced significant myelosup-
pression,* thus confirming the previous observations
of Tunek et al.¥ When phenol and quinol were
coadministred to mice by a ‘“‘continuous” regimen,
bone marrow cellularity decreased initially, with
gradual recovery beginning at the second week
despite continued treatment. When the mice were
treated by a ‘‘discontinuous” regimen, however,
bone marrow cellularity decreased profoundly, with

no evidence of recovery during the treatment period.
This apparent paradox, in which the lower total dose
administered in the “discontinuous” protocol was
more toxic than the higher dose of the “continuous”
regimen, supports the view that the toxic effect of
benzene metabolites on the marrow was cycle depen-
dent. Supportive evidence of this came from the
studies of Luke et al*®* who found that a three day
exposure regimen produced more micronucleated
polychromatic erythrocytes than did five days of
exposure.

Finally, a series of studies have shown that benzene
affects the function of the cellular and hormonal
regulators of blood formation, in particular, the
function of the stromal cell.”* This effect appears to
be due to a selective suppression of IL-1 released by
macrophages, which in the case of the benzene-
associated suppression of pre-B lymphocytes, results
in a reduction of IL-1 dependent release of IL-4 by
marrow fibroblasts.” Thus the haemotoxic effects of
benzene, and its cytotoxicity, genotoxicity, and car-
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cinogenicity, are clearly the consequences of a
number of highly complex, interactive biological
processes.

Risk assessment

The PEL in the United States and the United
Kingdom for many years was 10 ppm (32 mg/m?’),
but this was recently lowered to 1 ppm in the United
States and 5 ppm in the United Kingdom. Benzene is
no longer used as a general solvent in the United
States, the United Kingdom, and other European
countries, but it is still widely used as an industrial
solvent in China where the present exposure limit is
40 mg/m® (12-5 ppm); of more than 50 000 work
places in China the mean concentration of benzene
was 5-5 ppm. In more than 500 000 workers in China
exposed to benzene or benzene mixtures the
prevalence of benzene poisoning was 0-5%.% In a 35
year longitudinal study of the haematological
surveillance records of 459 rubber workers exposed
to benzene, strong positive correlations were found
between blood count fluctuations and fluctuations in
exposure to benzene for the earlier periods of
observation (1940-8, average exposures were
75 ppm) but not for later years (1948-75, average
exposures were 15-20 ppm)*; estimates of the risk of
leukaemia related to occupational exposure to ben-
zene for a working lifetime (40 to 45 years) were 9-5—
174 cases/1000 workers for exposures to 10 ppm, and
5-14 cases/1000 workers for exposures to 1 ppm.
The lifetime cancer risk recently calculated from a
pharmacokinetically derived risk assessment based
on rodent data with scaling across species gave 6-14
cases/1000 workers for exposure to benzene at
10 ppm.” From a consideration of benzene metabol-
ism to model the internal dose, from the administered
dose in animal studies, and fitting a multistage risk
assessment model, Bailer and Hoel*® calculated thata
1 ppm lifetime exposure would result in 0-7-1-0
excess cancers per 1000 persons exposed.

In a recent review and update of leukaemia risk
associated with exposure to benzene it was concluded
that the cohort of Rinsky et al” provides the best
basis for estimation of the benzene associated risk of
leukaemia, and that no other available study is
suitable for assessment of risk.”® Re-evaluation of the
data indicates that past assessments may have overes-
timated the risk by a factor of three to 24 and, based
on the data of Rinsky et a/*” and exposure matrices of
Crump and Allen® an estimate of 7-9 excess leu-
kaemia deaths per 1000 workers exposed for 45 years
to 10 ppm of benzene, and an excess of 0-5 leukaemia
deaths per 1000 workers exposed for 45 years to
1 ppm, were proposed.’® Examination of the data of
Rinsky et al®” which are based on nine leukaemia
related deaths, shows that three cases had cumulative
exposure between 470—-640 ppm-years, two cases had
cumulative exposure between 250 and 260 ppm-
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years, and the remaining four cases had cumulative
exposures of 99, 50, 10, and 0-1 ppm-years, that is,
effectively three different data points. Rinsky et al*’
stated that the shape of the best fit model was linear. If
the observed and predicted probabilities of leu-
kaemia are examined, however, the data are seen to be
polarised into three areas, with the response at lower
levels being relatively flat. Thus, in the risk assess-
ment of Rinsky ez al,” it is the three highest exposure
cases that drive the model. When using a conditional
logistic regression to predict the probability of leu-
kaemia at a given level of exposure, with the three
high cases included, the model was significant
(x* = 133, p < 0-01); after removal of the three
cases (and their control), however, the model was not
significant (3> = 1-4, p = 0-23). Furthermore, the
estimates of exposure, as highlighted in the study,
were considered to be an underestimate,” and
underestimation of exposure would increase the
predicted risk at any given exposure. A further
confusing factor is that multiple myeloma was the
cause of death in four members of the Rinsky cohort
of benzene workers,” three of the four were among
the group with the lowest cumulative exposure to
benzene (<40 ppm-years), and all four required an
exceptionally long latency period (>20 years).”
These two factors indicate a possibility that low
cumulative exposure to benzene may result in well
differentiated malignancy such as multiple myeloma,
whereas higher exposures lead to leukaemia.®* This
observation confuses even further the risk assess-
ment procedure for occupational and environmental
exposure to benzene, for if true it might justify the
recent ACGIH proposal for a decrease in the TLV
for benzene to 0-1 ppm.

The risk assessment for exposure of man to low
concentrations of benzene is based on few cases
(nine).”® Furthermore, it is difficult to explain the
observed different disease end points in relation to
low level exposure and duration of such exposure, as
described by Rinsky,* unless different mechanisms of
toxicity/carcinogenicity at different levels and dura-
tions of exposure are postulated. This complicates
any assessment of risk and is likely to lead to
overestimation of such risks. Examination of
relevant, non-epidemiological experimental data
shows a negative effect of benzene—but not of its
toxic metabolites—in the Ames and other genotox-
icity tests that depend on activation systems such as
the Aroclor-induced rat liver S9 mix, possibly
indicating the involvement of cytochromes other
than the Aroclor-induced P4501A1 and P450I1B in
the metabolic activation of benzene. The data are
further complicated by the known induction by
benzene of P45011E1, an oxygen radical generator,
the high susceptibility of rodents to oxygen,® and the
vulnerability of isolated cell systems to oxygen
toxicity because of depletion of glutathione and other
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components of the biological anti-oxidant defence
system. The reasons for toxicity and carcinogenicity
of benzene are thus complex, involving several
different mechanisms (p-benzoquinone covalent
binding, trans, trans-muconaldehyde depletion of
glutathione, oxygen radical production by redox
cycling from p-benzosemiquinone, and induction of
cytochrome P45011E) all possibly associated with
different disease endpoints (haemotoxicity, leu-
kaemia, multiple myeloma), and probably related to
individual susceptibility (genetic, dietary, smoking,
alcohol consumption). Given that this is the case,
then regulators should proceed with caution when
making judgements on acceptable limits of exposure,
based on an inadequate data base in man and using
such epidemiological risk models as described in this
review.
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